Pair production of Higgs boson at the Large Hadron Collider (LHC) is known to be important for the determination of Higgs boson self-coupling and the probe of new physics beyond the Standard Model (SM), especially the existence of new fundamental scalar boson. In this paper we study in detail the Higgs pair production at the LHC in a well-motivated model, the Gauged Two Higgs Doublet Model (G2HDM) in which the two Higgs doublets are properly embedded into a gauged (2) and a dark matter candidate emerges naturally due to the gauge symmetry. Besides the deviations of Higgs couplings from the SM predictions, the existence of new scalars could enhance the production cross section of Higgs boson pair at the LHC significantly. However, when we take into account the relic density of dark matter and the null result in its direct search, only moderate enhancement can be maintained. We also comment on the capability of distinguishing the signal of a new generic scalar from the SM at the LHC, assuming the Higgs pair production cross sections are the same.
I. Introduction
This year marks the fiftieth anniversary of the Standard Model (SM) of particle physics since its inception in 1967 [1] . Higgs boson, the long sought last particle responsible for spontaneously symmetry breaking via the Higgs mechanism in SM, was ultimately discovered in 2012 at the Large Hadron Collider (LHC) with a relatively light mass of 125 GeV. Since then many efforts were made to determine whether the observed Higgs boson is indeed the one predicted in SM. In particular all the measurements related to the Higgs couplings with gauge bosons had been analyzed in details and no deviations from SM predictions were found. Recently, six years after its discovery, the Higgs boson decaying into its dominant mode, a pair of bottom quarks, has finally been observed at a significance above 5 standard deviations and also in line with the SM expectation [2, 3] .
Despite its many triumphs, SM leaves us with many questions to be answered.
For instance, just to name a few, the origin of flavor remains to be a puzzle, the hierarchy/fine tuning problem, and so on. Even for the Higgs sector, the selfcoupling of the Higgs boson and the related issue of the shape of the Higgs potential are needed to be determined. Moreover the observations of neutrino oscillations, relic density of dark matter (DM), matter-antimatter asymmetry etc. imply there must be new physics beyond the SM.
Many new models had been proposed in the literature to address the above issues, and one of the simplest proposals is extending the scalar sector of the SM.
Along this direction, the general two Higgs doublet model (2HDM) is a simple extension [4] by just adding one more Higgs doublet to the SM. One particular type of 2HDM is the inert Higgs doublet model (IHDM) [5] [6] [7] [8] [9] in which the neutral component of the second Higgs doublet is a DM candidate. The stability of this DM candidate is ensured by imposing a discrete 2 symmetry on the scalar potential of the model.
Recently, a Gauged Two Higgs Doublet model (G2HDM) [10] was proposed.
Two Higgs doublets 1 and 2 are introduced and gauged under a non-abelian (2) in the model. The neutral component of 2 is stable under the protection of (2) gauge symmetry and hence can be a DM candidate. To make the model self-consistent, however, more new particles are introduced in G2HDM, including an additional (2) doublet, a (2) triplet, and heavy (2) singlet Dirac fermions. Some phenomenology of G2HDM at the LHC had been explored previously in [10, 11] for Higgs physics and in [12] for the new gauge bosons. Recently, a detailed study of the theoretical and Higgs phenomenological constraints in G2HDM has been presented in [13] . In this paper, we focus on the Higgs pair production in G2HDM at the LHC, which plays a crucial role in determination of Higgs boson self-coupling.
In the SM, after electroweak symmetry breaking the scalar potential can be written as
where SM = 2 ℎ 2 2 with ℎ being the Higgs boson mass and = 246 GeV. While the first term in the above Higgs potential (or Higgs boson mass term) has been measured at the LHC, the second and third terms (Higgs boson self-coupling terms)
have not yet been measured. These self-couplings are key parameters for the reconstruction of the Higgs potential that tells us how the electroweak symmetry breaking really happens and whether the Higgs sector agrees with the SM. In the G2HDM, the production of Higgs pair will be affected, as compared to the SM prediction, in a number of manners listed as follows:
• Modified Yukawa couplings.
• Modified trilinear Higgs self-coupling.
• Presence of new colored particles which can flow inside the triangle and box loops.
• Presence of new heavy scalars which can decay into a pair of 125 GeV Higgs bosons via new trilinear scalar couplings. This has important impact to the resonant Higgs boson pair production cross section.
We will include all these new features in our analysis of Higgs pair production in G2HDM at the LHC. This paper is organized as follows. In Section II we first review the setup of G2HDM with special focus on the scalar sector. In Section III we review the constraints on this model that have been studied in the literature. In Section IV we discuss the Higgs pair production cross section in G2HDM. In Section V, we present our numerical analysis. Finally, we conclude in Section VI.
II. Model
To make this paper somewhat self-contained, we will briefly review the G2HDM in this section and refer our readers to Refs. [10, 13] for more details. The gauge groups in the G2HDM consist of Table I , we summarize the matter content and their quantum number assignments in G2HDM.
Matter Fields A.
Higgs Potential
The most general Higgs potential invariant under both (2) × (1) and
where
and the last term
Note also that the scalar potential in G2HDM is CP-conserving due to the fact that all terms in ( ), (Φ ), (Δ ) and mix ( , Δ , Φ ) are Hermitian, implying all the coefficients are necessarily real.
B. Spontaneous Symmetry Breaking and Scalar Mass Spectrum
Spontaneous Symmetry Breaking
First, let us parameterize the fields as follows
where , Φ and Δ are VEVs to be determined by minimization of the potential.
The set Ψ ≡ { 0 , + , 0 , } are Goldstone bosons. Then, inserting the VEVs , Φ , Δ into the potential in Eq. (2) leads to
This matrix can also be diagonalized by an orthogonal matrix
One eigenvalue of Eq. (15) is zero (i.e.˜= 0) and identified as the unphysical Goldstone boson˜. The andΔ ( <Δ) are masses of two physical fields andΔ respectively. The could be a DM candidate in G2HDM.
The final block is a 4 × 4 diagonal matrix with the following entries breaking. For details of the gauge boson masses, we refer our readers to [10, 13] .
III. Constraints
Before presenting our numerical study, we summarize in this section the allowed parameter space of the scalar sector of the model. The constraints are performed in [13] , through the requirement of vacuum stability (VS), perturbative unitarity (PU) and Higgs physics (HP), the latter of which includes the Higgs boson mass of 125 GeV and signal strengths of Higgs boson decaying into diphoton and + − measured at the LHC. It should be noted that, in the numerical study of [13] , the two parameters Δ , ΦΔ were set to be varied in the range of [−1, 1] TeV, Δ ∈ [0.5, 20] TeV, while and Φ were fixed to be 246 GeV and 10 TeV, respectively.
We show a summary of allowed regions of parameter space in Fig. 1 obtained in [13] . The diagonal panels indicate the allowed ranges of the eight couplings times the predicted SM cross-section.
In the G2HDM, the Higgs boson pair production rate can be significantly en- 
relevant couplings for production of a pair of ℎ 1 in G2HDM are listed as follows
where ℎ , ℎ , ℎ 1 ℎ 1 ℎ 1 and ℎ 2 ℎ 1 ℎ 1 are the quark Yukawa couplings, heavy quark Yukawa couplings, trilinear ℎ 1 self-coupling and coupling between heavier scalar ℎ 2 and two ℎ 1 s, respectively. One can see that the SM quark Yukawa couplings ℎ 1 are now smaller by a factor of the mixing element 11 as compared to the SM values. Furthermore, the Higgs boson self-couplings ℎ 1 ℎ 1 ℎ 1 and ℎ 2 ℎ 1 ℎ 1 in G2HDM are comprised of many new parameters which might give us a chance to study the effects of these parameters in double ℎ 1 production. In what follows, we will ignore the heaviest scalar ℎ 3 in our analysis due to its negligible contribution to the double ℎ 1 production cross section.
The differential cross section for double ℎ 1 production from gluon fusion in G2HDM can be straightforwardly translated from the SM formulas [24] ,
where and are the Fermi constant and strong coupling constant respectively,
and
ℎ are form factors that can be found in the Appendix A.1 of Ref. [24] . For later purpose, we also define
V. Numerical Results
In this section we will present the numerical analysis for double ℎ 1 production in G2HDM at the LHC and compare the results with SM predictions.
Before we proceed, let us present the set up of the parameter space in the model for scanning. We will adopt the allowed ranges for all the -parameters,
Φ , which satisfy the theoretical constraints from (VS + PU) obtained in [13] . Recall that these theoretical constraints are only relevant for the quartic couplings in the scalar potential. For the Higgs phenomenology constraints, other parameters in the scalar potential are also involved, and we will vary their ranges as follows
The SM VEV is fixed at 246 GeV. First, we scan all the parameters with the setup ranges defined above and require them to pass through all the theoretical and
Higgs phenomenological constraints presented in [13] . The constraints from direct ′ resonance search at the latest ATLAS and CMS 13 TeV results [26] [27] [28] [29] have been taken into account in our scanning. Furthermore, the dark matter candidate is set to be heavier than half of the Higgs boson mass so that the invisible mode of ℎ 1 → is not kinematically allowed. The masses of heavy fermions are assumed to be degenerate and set to be 3 TeV. Finally, we focus on the situation
In Fig. 3 , we show the scatter plots of the ratio of production cross sections for a pair of 125 GeV Higgs bosons between the G2HDM and SM on the planes of (Fig. 3d) . The color palette on the right of each of the plots in Fig. 3 indicates the signal strength of the double ℎ 1 Higgs boson production.
From these four plots in Fig. 3 , one can see that the trilinear self-coupling of Higgs boson in G2HDM can significantly deviate from SM value, it can even flips its sign to be negative. From Fig. 3a , one observes that the branching ratio of the heavier scalar ℎ 2 decay into a pair of ℎ 1 s can vary from 0 up to 100%. As expected, when | ℎ 1 ℎ 1 ℎ 1 | and BR(ℎ 2 → ℎ 1 ℎ 1 ) are getting larger, the triangle diagram will become the dominant channel and enhance the production cross section. Note that when ℎ 1 ℎ 1 ℎ 1 becomes negative, there is a constructive interference between the two types of box and triangle Feynman diagrams in Fig. 2 . However when 
one of the channels, either the box or triangle Feynman diagram, becomes the dominant contribution to the total production cross section, the interference effect is not significant anymore. It is also shown in Fig. 3b that for a heavier ℎ 2 mass the cross section of double ℎ 1 production will be much smaller. Furthermore, due to the constraints from the Higgs physics, the absolute value of Yukawa couplings of SM quarks with ℎ 1 can not be deviated too much from its SM value which is demonstrated in Fig. 3c , while Fig. 3d shows the Yukawa couplings between SM quark and Higgs boson ℎ 2 could be small due to the smallness of mixing between (2) doublet scalar and (2) doublet scalar Φ . The contributions from the heavy quarks in G2HDM are found to be small because the Yukawa couplings ℎ in (25) are scaled by the small VEV ratio / Φ .
Since dark matter candidate exists in G2HDM, we consider further the dark matter constraints from the cosmological observations and direct search experiments. We used the MadDM package [30] to calculate the relic density of the DM candidate and its elastic scattering cross sections with nucleon. In Fig. 4 , we present the scatter plots for the ratio of production cross sections for a pair of 125
GeV Higgs bosons between G2HDM and SM on plane of the dark matter mass and a) relic density of DM, b) spin-independent cross section of DM and nucleon. The lime (yellow) band corresponds to 1 (3 ) range of the PLANCK's relic density measurement of DM [31] . The orange and black line represent the upper limit on spin-independent cross section of DM and nucleon from PandaX-II Experiment [32] and XENON1T [33] , respectively. Imposing the mass of dark matter candidate to be the lightest amongΔ, ′( , ) , ± and heavy fermions implies to be less than ∼ 2.7 TeV. In the region of > 500 GeV, there are correlations between Higgs boson pair production cross section and DM relic density as well as DM-nucleon cross section. In particular, the cross section of gluon-gluon fusion to double ℎ 1 tends to be larger when DM relic density becomes smaller or DM-nucleon cross section becomes larger. The first correlation, shown in Fig.   4a , is due to the fact that the | ℎ 1 ℎ 1 ℎ 1 | and BR(ℎ 2 → ℎ 1 ℎ 1 ) can control not only the Higgs boson pair production but also DM annihilation cross section. Indeed, when they both become bigger, the DM annihilation process will be dominated by → ℎ → ℎ 1 ℎ 1 channel, implying the DM annihilation cross section becomes larger or DM relic density becomes smaller. The second correlation, shown in Fig.   4b , is due to the fact that the DM-nucleon cross section has about half its contributions coming from the one loop heavy quarks (mainly top quark) in the triangle diagram which also appear in the double Higgs boson production process. The DM relic density and direct searches put stringent constraints on the parameter space of G2HDM. As shown in Fig. 4a , the PLANCK's relic density measurement constrains the parameter space in a small 3 band, while from Fig.   4b one can also see that the DM direct search constraints cut off almost all the parameter space which significantly enhances the cross section of double Higgs boson production. Moreover, when both relic density and direct search constraints are imposed, only about 2% of the data points survived. Same as Fig. 3 , we show in Fig. 5 the scatter plots of relevant parameters to Higgs boson pair production after taking into account the constraints from DM relic density and direct searches. The allowed points in the parameter space are selected within 3 of the PLANCK's relic density measurement of DM [31] and below the upper limits of the DM direct detection searches from PandaX-II experiments [32] and XENON1T [33] . Under these combined constraints of (VS+PU+HP+DM), the parameter space can be narrowed down further. For example, we now have the −1 ≤ ℎ 1 ℎ 1 ℎ 1 ≤ 1.3 and BR(ℎ 2 → ℎ 1 ℎ 1 ) is less than about 80%. The negative value of ℎ 1 ℎ 1 ℎ 1 gives an enhancement of the production cross section because the constructive interference occurs between box and triangle diagrams. Overall, the production cross section of ℎ 1 pair is about one order of magnitude lower as compared with the one before imposing the DM constraints.
To do further analysis, we pick seven benchmark points from the final allowed parameter space satisfying the (VS+PU+HP+DM) constraints, at which the mass of heavier scalar ℎ 2 varying from 300 to 900 GeV. In Table II Table III , we show the branching ratio of ℎ 2 decays to all two body final states in our benchmark points. We observe that the heavy scalar ℎ 2 mainly decays into a pair of SM-like Higgs boson ℎ 1 , and bosons, and top quark.
In order to perform detailed simulations at the LHC, we first implement the G2HDM model into the FeynRules package [34] and pass the UFO model files into MadGraph5 aMC@NLO [35] to generate the events of ℎ 1 pair production. The
Higgs boson decay is done with MadSpin [36] package, and we focus on two decay modes, ℎ 1 →¯and ℎ 1 → . Finally, the Pythia8 package [37] is used for parton 
showering and hadronization the events, while the Delphes3 package [38] (with ATLAS setting) is used as the fast detector simulation.
In the next two subsections, we will concentrate on the¯and¯¯final states.
According to the current searches of the Higgs boson pair production at LHC, thē final state channel is a good channel search for the lower mass regime of the heavy scalar [39, 40] , while the¯¯search channel has better sensitivity for the search for the heavier mass regime of the heavy scalar [41, 42] . Thus we use our benchmark points A, B, C, D to study the¯final state channel, while E, F, G are used for¯¯final state channel.
A. The¯Final State Channel
In this section, we perform the kinematic distributions of the¯final state.
We select 4 benchmark points A, B, C, D, at which the mass of heavy scalar ℎ 2 equals 300, 400, 500, 600 GeV respectively, to study this channel. Here, we follow the cuts used in the ATLAS experiment for¯channel analysis [39] , which we summarize as follows:
• First, we isolate photons with opening angle Δ = 0.2. Δ of 2 -jets in SM and in G2HDM with ℎ 2 = 300, 400, 500 and 600 GeV at √ = 13 TeV LHC.
• Next, using the anti-algorithm jets are reconstructed with cone radius = 0.4 and required to have | | < 2.5 and > 25 GeV.
• We require at least 2 photons and exactly 2 jets with -tagging efficiency set at the default value of MadGraph5.
• The leading -jet must have transverse momentum > 55 GeV, while the sub-leading -jet is required to have > 35 GeV.
• Furthermore, the diphoton invariant mass is required to lie between 105
GeV and 160 GeV and the -jet pair invariant mass¯is required to fall into a mass window of 95 GeV to 135 GeV.
In Fig. 6 , we present the kinematic distributions of the¯channel for a) the invariant mass of¯, b) the opening angle Δ of two photons and c) the opening angle Δ of 2 -jets in SM and in G2HDM with ℎ 2 = 300, 400, 500
and 600 GeV at the LHC with √ = 13 TeV. In Fig. 6a , it is obvious to see that the invariant mass distributions peaked at the corresponding mass of heavy scalar ℎ 2 , while the peak around 400 GeV is for the SM. The peaks are getting lower when the mass of ℎ 2 becomes heavier, this is due to the fact that when the mass of ℎ 2 becomes heavier the non-resonant process is getting more relevant to the total production cross section. One can also observe that the opening angles of the two photons and of the pair of -jets in Fig. 6b and Fig. 6c respectively, tend to be narrower when the mass of ℎ 2 becomes heavier. This is expected because when the parent decaying particle ℎ 2 becomes heavier, the two daughter ℎ 1 Higgs bosons will be more boosted, implying that the opening angles Δ and Δ would be smaller.
As mentioned above, the invariant mass distribution of Higgs boson pair peaks at about 400 GeV for the case of the SM, even though there is no resonance. A natural question arises: How well could we tell whether there exists a ℎ 2 resonance if the observed total cross section doesn't deviate much from the SM prediction?
To answer the question, we do shape comparisons. In Fig. 7a and 7b, we perform a standard deviation 2 test for the event distributions in and Δ respectively at the high luminosity LHC for the SM and a fictitious benchmark point 
B. The¯¯Final State Channel
We select benchmark points E, F, G at which ℎ 2 = 700, 800, 900 GeV respectively for studying the kinematic distributions of the¯¯final state channel. In this case, we follow the event selections used in the ATLAS resolved analysis for¯fi nal state channel [41] , summarized below:
• To be more specific, the events are required to contain at least four -jets with > 30 GeV and | | < 2.5.
• Furthermore, we pair up these four -jets to reconstruct two 125 GeV Higgs boson candidates and then impose additional mass-dependent cuts for these two Higgs boson candidates as follows:
where Δ lead is the opening angle of two jets which the leading Higgs boson candidate decay into and Δ subl for the sub-leading candidate. Here, the leading Higgs boson candidate refers to the reconstructed Higgs boson that has the larger scalar sum of jet .
• Then, an algorithm is applied to select the best pairing of -jets into two
Higgs boson candidates as follows. A distance ℎ 1 ,ℎ 1 [41] is defined as
which means the distance of the reconstructed pairing's ( is defined to be the two Higgs bosons.
• In additional, the two Higgs boson candidates are required to have the transverse momenta lead and subl , opening angle Δ (ℎ 1 , ℎ 1 ) and pseudo-rapidity difference |Δ ℎ 1 ℎ 1 | satisfying the following mass-dependent cuts:
• Finally, the mass of Higgs boson candidates must lie in the signal region
In Fig. 9 , we present the kinematic distributions of the¯¯channel for a) invariant mass of¯¯, b) opening angle of 2 -jets associated with leading Higgs boson candidate Δ lead and c) 2 -jets associated with sub-leading Higgs boson candidate Δ subl , with ℎ 2 = 700, 800, 900 GeV at √ = 13 TeV for ATLAS detectors. We note that these 3 benchmark points E, F, G selected to study this¯fi nal state channel have the same production cross sections and are about twice the SM value. In Fig. 9a , one can observe that the non-resonant contributions, peaked around 400 GeV, become dominant in the benchmark points F and G with ℎ 2 = 800 and 900 GeV respectively, while the benchmark point E with ℎ 2 = 700 GeV represents a more dominant contribution from the resonant process. Next, in both Figs. 9b and 9c, the Δ distributions tend to separate into two peaks, one locates at Δ ≈ 1, while another at Δ ≈ 3. This behaviour is expected because of the different contributions from non-resonant and resonant processes to the total production cross section. In particular the peak at about 1 represents the resonant contribution, while the peak at about 3 represents non-resonant contribution. Therefore, in this case, one may be able to use opening angle Δ to separate the non-resonant and resonant contributions. We note that the Δ lead distribution is more preferable to have a peak located at ∼ 1, due to its more energetic parent Higgs boson. is also an interesting channel to search for new physics beyond the SM, especially for models that involve a new resonance decaying into a Higgs boson pair. We have studied this process in the G2HDM, a model that promotes the discrete 2 symmetry ensuring the stability of DM in IHDM to a local gauge symmetry by embedding the two Higgs doublets into the fundamental representation of the new (2) gauge group. One interesting feature in G2HDM is that the SM-like Higgs boson is a linear combination of the (2) doublet and the (2) doublet and triplet scalars, which leads to the deviations in the interactions of Higgs boson to not only other particles but also itself. In particular, the Higgs boson self-coupling could become negative, which will result in a constructive interference between the box and the triangle Feynman diagrams. Moreover, the existence of the heavy scalar bosons in G2HDM, which will decay into two 125 GeV Higgs bosons, can significantly enhance the production cross section of Higgs boson pair at the LHC.
We have taken into account theoretical and experimental constraints on the parameter space of the model. The DM constraints, including DM relic density and direct detection searches, have also been imposed. We find out that the Higgs boson trilinear coupling is stringently constrained by the DM relic density and direct searches. In particular, the ℎ 1 ℎ 1 ℎ 1 , which could vary in the range of [−29, 32] before the DM constraints applied, shrinks to be in the range of [−1, 1.3]. This results in reducing the double Higgs boson production cross section in G2HDM from about two orders of magnitude enhancement before applying DM constraints to just about one order of magnitude above the SM value.
We have performed a detailed simulation for the two final states of¯and¯b y focusing on a few benchmark points of the parameter space in G2HDM. The G2HDM demonstrates a representative case in which the kinematic distributions of the¯and¯¯final state channels are significantly altered from the SM at √ = 13 TeV LHC. We also present a standard deviation 2 test for a benchmark point with ℎ 2 = 400 GeV and the SM. It turns out that it is impossible to distinguish a 400 GeV resonant signal from the SM at the high luminosity LHC running at 13 TeV, if the total cross section of such a resonance is closed to the one in the SM. However at future machines with higher center-of-mass energies and luminosities one expects this signal from new scalar resonance is discernible.
